In adult paraplegic subjects one tibialis anterior muscle received daily electrical stimulation for 4 weeks at twice the motor threshold to determine changes of morphological and histochemical profiles (this paper) and of contractile properties (preceding paperV Bilateral biopsies, obtained 4 weeks before, and immediately after, electrical stimulation, were studied for fibre type proportions, fibre diameters, oxidative capacity, microvascu lature and histopathology, Before stimulation the biopsies showed disuse with increased type 2 fibre proportions and decreased oxidative capacity (succinate dehydrogenase (SOH) activity). The effects of two stimulus patternsl were compared. Following stimulation SOH activity increased significantly in all stimulated muscles. Inconsistent changes occurred in fibre type proportions, fibre diameters, capillary density and capillary/fibre ratios, Both stimulus patterns evoked similar results. In five/seven subjects sub sarcolemmal vacuolation was observed, Electrical stimulation for 4 weeks at only twice motor threshold improves oxidative capacity, but different stimulus parameters are probably needed for significant fibre type conversion.
Introduction
The activity of motoneurons determines the properties of the muscle fibres they supply2,3 and disuse, as a result of neurological or orthopaedic trauma, may have profound effects.4-8 These reports demonstrate that in the extreme case of prolonged disuse following spinal cord injury the proportion of type 2 (fast twitch) fibres increases, muscle fibre atrophy occurs and the oxida tive capacity of the muscle is much reduced.
Electrical stimulation of muscle for prolonged peri ods has been shown to reverse or help to prevent the effects of disuse9-11 and to increase capillary density. 12 In animal models this type of stimulation has been shown to alter morphological and histochemical pro perties. 13 The aim of the present paper was to deter mine the extent to which these properties might be altered in human subjects with prolonged muscular disuse and how far electrical stimulation might reverse the changes. It was also of importance to know how far these changes might correlate with the changes of contractile properties (Rochester et al) , I The level of succinate dehydrogenase (SOH) activity in skeletal muscle is known to correlate with fatigue resistance.l4 The stimulus regimes used in this study might be expected to enhance fatigue resistance and Correspondence: S Miller it was therefore appropriate to monitor the muscle biopsies for evidence of altered SOH activity. It was also considered possible that individual muscle fibre types might respond differently to stimulation. Micro photometric enzyme assay enabled SOH activity to be estimated in single muscle fibres and in populations of histochemically defined fibre types and was thus ideal for the detection of any differential response.
In the majority of studies in human subjects electrical stimulation has been applied to relatively normal healthy muscles. It is not known if disused muscles can withstand the levels of current over prolonged periods of time without suffering damage-an important factor in the therapeutic application of the technique, For these considerations the current pulses used in the present study were set at only twice the motor threshold.
A brief report of the morphological and histochem ical results has been published.
IS

Materials and methods
Subjects
A group of seven paraplegic subjects aged 19-43 years took part in the study; details of these subjects are given in the preceding paper. 1 Informed written con sent was obtained from each subject and the study was approved by the regional health authority ethical committee.
Electrical stimulation
The techniques used are described in the preceding paper1 and are only summarised here. The tibialis anterior muscle was stimulated percutaneously with electrodes placed over the muscle belly. The strength of current used was twice the threshold for obtaining muscle contraction. Two stimulus patterns were used broadly similar to those described by Kernell et al; 12 each pattern was administered for a 4 week period. (a) Slow pattern: 10 Hz stimulus bursts lasting 5.5 s with pauses of 5.5 s, given in three periods of 48 min daily; this amounts to an overall stimulation time of 5% daily time. (b) Slow/fast pattern: slow (10 Hz) pattern with added 100 Hz bursts comprising an extra 0.5% daily stimulation time. Three subjects received the slow stimulus pattern and four subjects the slow/fast pattern. Tibialis anterior muscles were stimulated on one side only.
Muscle biopsies
Biopsies from both the left and right tibialis anterior (TA) muscles were taken prior to treatment and after the period of electrical stimulation, using a conchotome procedure. The biopsies were obtained from a region of the muscle close to the sites of the two stimulating electrodes. The biopsy sites in the control leg and in the pre-stimulus condition of the stimulated leg were comparable. The muscle samples were transversely orientated and frozen using isopentane cooled to -150°C in liquid nitrogen. Histological assessment was made using post-fixed frozen sections stained with haematoxylin and eosin.
Fibre type proportions and fi bre diameters Myofibrillar ATPase activity was demonstrated at pH 9.5, after pre-incubatioin at pH 4.3 or pH 4.6.1 6 This allowed the differentiation of type 1 (slow-twitch oxidative), type 2A (fast-twitch oxidative/glycolytic) and type 2B (fast-twitch glycolytic fibres). Intermediate '2C' fibres were also identified. Samples of 200 muscle fibres were used for measurements of muscle fibre diameters17 by means of a computer-aided system (Kontron Videoplan Kontron UK, Thame, UK). The prevalence of atrophy or hypertrophy was estimated using the method of Brooke and EngeI18 for the calculation of atrophy factors (AF) and hypertrophy factors (HF).
Oxidative capacity
Succinate dehydrogenase (SDH) activity was used as an indicator of oxidative capacity and was measured in individual muscle fibres by microphotometric enzyme assay (MEA). Samples of 100 fibres per biopsy were used. The assay method is given in detail elsewhere.19 A Zeiss UMSP30 microphotometer Oberkochen, Ger many, fitted with a computer-controlled scanning Muscle histochemistry in paraplegia L Rochester et 01 stage, was used to assay 25 muscle fibres simultan eously. Assay medium for SDH contained 130 mM sodium succinate, 1.5 mM nitro blue tetrazolium (NBT) , 0.2 mM phenazine methosulphate (PMS), 1.0 mM sodium azide in 0.1 M phosphate buffer, pH 7.0. The increase in absorbance (ilA) due to the production of formazan has been shown to be linear, by regression analysis, for at least 10 min, using 8{lm sections of normal human muscle. A data handling programme allowed the slope of the reaction in individual fibres (reaction rate) to be calculated. Muscle fibres which had been assayed were subject to retrospective fibre typing. This was done by comparing Polaroid photomicrographs of unreacted tissue sec tions, on which the assayed fibres were mapped, with the corresponding areas of serial section in which myofibrillar ATPase was demonstrated.
A series of six subjects from whom tibialis anterior muscle biopsies had been taken for routine diagnostic purposes, provided 'disease control' material for esti mation of oxidative capacity. In four of these subjects there were no histopathological abnormalities. The clinical presentations in these subjects were, respect ively: intermittent myalgia, myalgic encephalomyelitis, generalised muscle weakness, and possible recurrence of treated myositis (not substantiated by muscle biopsy). In the other two subjects there was mild electrophysiological and/or histochemical evidence of denervation and reinnervation. Although these control subjects cannot be considered unequivocally as normal controls, they provide an indication of the levels of SDH in the tibialis anterior muscles in subjects with no spinal cord lesion.
Microvasculature
Affinity cytochemistry (lectin binding) was used to localise the capillary network in muscle sections. Ulex europaeus agglutinin-1 (UEA-1) binds to fucose resi dues on vascular endothelial cells.20 UEA-1 was diluted 1:5000 in phosphate-buffered saline (PBS) containing 1 % bovine serum albumin, pH 7.4 and was applied to air-dried, acetone-fixed sections for 1 h at room temperature. After thorough washing (PBS x 3 over 30 min) rabbit antibody to UEA-1 (1:6400) was applied for 1 h at room temperature. After thorough washing, alkaline phosphatase-conjugated swine anti-rabbit immunoglubulins (1: 100) were applied for 30 min at room temperature (lectin and immunoreagents ob tained from Dako Ltd, High Wycombe, UK). The alkaline phosphatase label was visualised using Naph thol ASTR phosphate as substrate, hexazotised New Fuchsin as coupling agent and incorporating levamisole as an inhibitor of endogenous alkaline phosphatase activity.
Quantitation of capillary supply
The same group of six 'disease control' patients was used to provide data on muscle microvasculature in subjects with intact spinal cord. Labelled capillaries were counted in four separate areas of tissue sections.
Given an initial total sample area of 5 mm2, the area occupied by muscle fibres was generally 4.0-4.5 mm2. The proportion of the total sample area occupied by skeletal muscle fibres was estimated by means of a stereological (point-counting) technique. Blank areas, the area occupied by fat, fibrous connective tissue etc, were excluded, as were any non-transversely orientated areas of muscle. The total number of muscle fibres and the total number of capillaries within the sample area were counted. From these data, the capillary density (number of capillaries per 1 mm2 muscle fibre area) was calculated and also the average number of capillaries per muscle fibre ( capillary/fibre ratio).
Creatine kinase estimation
In order to determine evidence of any muscle damage related to electrical stimulation, serum creatine kinase levels were measured before the stimulation period commenced and at weekly intervals until stimulation ceased. The level of this muscle enzyme was measured from samples of venous blood. These measurements were carried out only on the two last paraplegic subjects and were made after evidence of damage was observed histologically in some of the preceding para plegic subjects tested.
Data analysis
The main test of statistical significance used was Student's t test (2-tailed variant) which was applied in the analysis of the results of SDH assays, of capillary/ fibre ratios and of capillary densities. Analysis of abnormalities of the distributions of muscle fibre size was performed using the atrophy /hypertrophy factor system.18
Results
Fibre type proportions
The activity of myofibrillar ATPase after preincubation at pH 4.3 and pH 4.6 was assessed in a sample of 200 fibres per muscle biopsy, providing estimates of the proportions of types 1, 2A, 2B and 2C. The majority of the papaplegic subjects showed a marked decrease in the proportion of type 1 fibres compared with that of normal subjects (Figures 1, 2 ), often falling outside the 95% confidence limits.21 However, the magnitude of the decrease was not correlated with the length of time following spinal cord injury (see Table 1 in preceding paper).1 Subjects 2 and 3 both suffered spinal transec tion 7 years prior to biopsy, but, while subject 3 showed in all biopsies almost complete conversion to type 2 fibres with very few type 1 fibres, subject 2 showed preservation of type 1 fibres within the normal range.
In the biopsies following the 4 week period of electrical stimulation there were no clear trends in the proportions of the different fibre types. In some subjects, all the muscle biopsies showed fairly similar fibre type proportions, eg subjects 2,3 and 6 ( Figure 2 ). Subject 5, however, showed considerable variation between right and left biopsies even before electrical stimulation. Fibre type conversion is signalled by an increase in the proportion of type 2C (intermediate) fibres, which should not exceed 3% in normal skeletal muscle. 22 Following electrical stimulation there were no consist ent changes in the proportions of type 2C fibres. The proportions of type 2C fibres from the biopsies of stimulated and unstimulated legs were therefore pooled for each subject for comparison with the normal range. Subjects 2, 6 and 7 all showed mean type 2C propor tions greater than 15%. This might be expected in subjects 6 and 7 since the time following spinal transection was relatively short and the muscle fibre population would be likely to be in a state of conversion. Subjects 1, 4 and 5 all had long-standing paraplegia with severely decreased type 1 proportions. In these subjects there was a smaller mean percentage of type 2C fibres (5-10%), indicating less fibre type conversion at this stage. In subject 3 conversion to a type 2 fibre profile was virtually total with correspond ingly few type 2C fibres. The mean and standard deviation of the diameters for each fibre type were determined from samples of 200 fibres in each biopsy (Figure 3a , b, c). It was found that whereas mean fibre diameters prior to electrical stimu lation generally fell within the normal range,23 size distributions were often abnormal. Atrophy and hypertrophy factors18 were calculated for each fibre type to determine if changes in size distribution had occurred before and after the period of electrical stimulation. Calculation of these factors takes into account the relative number of fibres which fall outside the normal range of diameters and also the degree of atrophy and hypertrophy shown by individual fibres.
Clear evidence of atrophy was observed in the majority of biopsies from paraplegic subjects, which Muscle histochemistry in paraplegia L Rochester et oj may be associated with the physiological finding of decreased ability to generate torque.l No evidence was obtained that electrical stimulation consistently reduces the incidence of atrophy. The incidence of increased atrophy factors and details of the involvement of individual fibre subpopulations (fibre types) are given in Table 1 . Muscle fibre atrophy is, however, by no means a universal finding in these paraplegic subjects; three of the biopsies from subject 3 and two of the biopsies from subject 4 showed no evidence of atrophy of any muscle fibre type. Atrophy of type 1 fibres occurred in 20/28 biopsies, type 2A atrophy in 11/28 biopsies and type 2B atrophy in 5/28 biopsies. In the 2C fibre populations atrophy was observed in 17/28 biop sies. Discrepancies between successive biopsies of the same muscle are a further indication of the variability of these paraplegic muscles as a whole and the difficulty of avoiding sampling error in any biopsy procedure.
Muscle fibre hypertrophy occurred much more rarely than fibre atrophy. The most commonly involved fibre type was type 2B (7/28 biopsies). Type 2A hypertrophy (2/28 biopsies) and 2C fibre hypertrophy (1/28 biop sies) were rarely encountered and hypertrophy of type 1 fibres was not seen at all.
Histopathological fi ndings in paraplegic muscles
The 28 muscle biopsies obtained showed a variety of histopathological features in addition to the abnormali ties of fibre size and fibre type constitution already described ( Table 2 ). The incidence of histopathological features varied widely between subjects. Acute muscle necrosis was a rare finding but fibre splitting and a 'whorled' appearance due to myofibrillar disorienta tion were common. Abnormalities of mitochondrial distribution leading to a 'floccular' or 'moth-eaten' appearance were frequently seen in succinate dehydro genase preparations. In some biopsies increase in fibrous connective tissue, particularly in perimysial areas, was apparent and occasional biopsies showed some increase in interstitial fat.
Following the period of electrical stimulation mild subsarcolemmal vacuolation was observed in biopsies from the stimulated tibialis anterior muscle of 5/7 subjects (Figure 4) . It was possible that this feature might be an early indication of muscle fibre break down, but monitoring of serum creatine kinase levels in subjects 6 and 7 during electrical stimulation gave no indication of significant muscle fibre damage.
Oxidative capacity
In microphotometric enzyme assays of succinate de hydrogenase (SDH) activities were expressed as in crease in absorbance (�A) per second. In the disease control group the fibre types showed a clear gradient of SDH activity with type 1 fibres having approximately 50% higher activity than type 2B fibres, with the activity of type 2A fibres intermediate between those of types 1 and 2B (Figure 5a ). Prior to electrical stimulation the paraplegic subjects had reduced oxidative metabolic capacity (Figure 5b) . Subjects 1 and 2 demonstrated values of SDH activity (pooled from all fibre types) below the mean of the control group, and subjects 3, 4 and 5 showed activity below the lower limit of the control group. Following electrical stimulation there was a significant increase in SDH activity in the stimulated legs of all subjects (P < 0.001 in all cases). Where the initial values of SDH activity were low the proportional increase following stimulation was large (Figure 5b , subjects 3, 4 and 5). The greatest increase in SDH activity (161% ) was observed in subject 4, which exceeded the upper limit of activity in the disease control group. No differences were observed between the effects of the two stimulus patterns.
In the non-stimulated limbs, successive biopsies generally showed consistent values for SDH activity. For example the percentage differences between first and second biopsies in subjects 1, 3, 4, 6 and 7 were +4% , 0% , -1% , +3% and -11% , respectively. However, in subjects 2 and 5 increases of + 25% and +47% are difficult to interpret, since the successive muscle samples showed no gross differences in fibre type proportions or in the incidence of histopatho logical abnormalities. 
Microvasculature in paraplegic subjects
The same group of disease control subjects were used to provide data on capillarvfibre ratio and capillary density. Capillary/fibre (CIF) ratio in this group of control patients was 1.12 ± 0.31, using sample areas of approximately 4.0 mm2. The range of values seen in this group is quite high (coefficient of variation 28% ) due to the presence of subjects with either an excess of small diameter fibres (low CjF ratio) or of large diameter fibres (high CjF ratio). Capillary density (number of capillaries per mm2) is independent of variation in fibre size and is generally less variable than CjF ratios within any group of individuals. In the disease control group capillary density was 211 ± 30 per mm2 with a coefficient of variation of 14% . The 95% confidence limits were 156-276 for capillary density and 0.50-1.74 for capillary/fibre ratio.
In the group of seven paraplegic subjects the capil lary /fibre ratio was within the control range in all 28 biopsies, but the majority of values fell below the mean of the control group. When pre-stimul and post-stimul biopsies were compared, an overall trend towards a modest increase was observed (Figure 6 ), although the increase in subject 4 (+62% ) was the only instance where the difference was significant (P < 0.05). This subject also showed the greatest increase in SDH activity. Essentially the same results were obtained when capillary densities were compared, with only subject 4 showing a significant increase (Figure 7 ).
Discussion
The changes in the contractile properties of the tibialis anterior muscle in paraplegic subjects, reported in the the paraplegic subjects who had suffered traumatic complete spinal transection 1-14 years previous to testing. They included an increase in the proportion of type 2 fibres, atrophy of muscle fibres, decreased activity of SDH in all fibre types and some evidence of decreased capillary/fibre ratio. These observations are in agreement with the comparable studies of Grimby et ai, 4 Lotta et ai, 24 Martin et ai, 7 and Round et al. 8 Pette and Vrbova2 have reviewed the evidence that the properties of muscle fibres in a motor unit are strongly dependent on the activity of the motoneurons. Spinal transection results in reduced activity of muscle below the level of the lesions and the paraplegic subjects studied showed an increase in the proportion of type 2A and 2B fibres in the tibialis anterior muscle. In addition, there was an increase in the proportion of type 2C fibres (with the exception of subject 3 in whom conversion to a type 2 profile was virtually complete), thus indicating the presence of ongoing fibre type conversion, even after a long interval following spinal injury.
In a muscle composed of mixed fibre types the predominance of one particular fibre type may be reflected in the rate of contraction and relaxation and there is some suggestion of this in human subjects. 25 In the present study, the increased ratio of type 2 to type 1 fibres corresponded to a faster rise time for both twitch and tetanic contraction, as discussed in the preceding paper. 1 However, the differences in the percentage of type 2 fibres (100% type 2 fibres in subject 3 and 30-40% type 2 fibres in subject 6) were not always correlated with the overall increased speed of contrac tion of the tibialis anterior muscle. The activity of myofibrillar ATPase, upon which fibre typing is often based, is therefore unreliable as an indicator of the speed of contraction in abnormal muscles.
Abnormally high atrophy factors were evident in initial biopsies of the paraplegic subjects and these probably account for the reduction in torque developed by the tibialis anterior muscle (see preceding paper. l).
The mean fibre diameters of individual fibre types, with the exception of subject 5 (type 1 fibres), however, lay within the normal ranges described by Polgar et ai, 23 indicating that in abnormal human muscle an inspec tion of mean fibre diameters alone does not provide an assessment of the extent of atrophy. Preferential fibre type atrophy may be determined from the atrophy factors of individual fibre types. Atrophy was present in all fibre types in the present study in agreement with similar studies in human subjects,4,7 although it was more marked in type 1 fibres than in type 2A or type 2B fibres.
In the present study, the activity of SDH in the initial biopsies of the paraplegic subjects was low compared to that of the disease control group of subjects, and this was matched by a decrease in fatigue resistance.l Those subjects with the lowest mean SDH activity also demonstrate a reduced capillary/fibre ratio and the greatest percentage of type 2B fibres (subjects 3, 4 and 5). Furthermore, muscles with the greatest percentage of type 2B fibres showed the least resistance to fatigue. Thus the properties of the different fibre types appear to remain appropriately matched following spinal cord injury.
The pattern of change of muscle fibre sizes was not related to the period of time following spinal transec tion and the first biopsy, 1-14 years in the present study. The relationship of the degree of fibre type conversion to the period following transection, in the study of soleus and gastrocnemius by Lotta et a[24 in subjects with cervical and upper thoracic transections, was not observed. Neurotrophic factors2 6 and the presence of muscle spasms may act to preserve fibre diameters4,5 in some paraplegic subjects to a greater extent than in others.
Changes fo llowing a 4 week period of electrical stimulation
Following the period of electrical stimulation there was a significant increase in the activity of SDH, but no clear trends were observed in fibre type, fibre diameter or capillary supply. In agreement with Martin et al7 the period of training with electrical stimulation had no clear effect on the incidence of muscle fibre atrophy which was matched by the lack of any significant increase in the ability of tibialis anterior to generate more torque following stimulation. 1 There was no clear evidence in the present study of a pattern of change in the proportions of fibre types following electrical stimulation. In contrast, Munsat et al27 observed an increase in the percentage of type 1 fibres following an electrical stimulus regime; however, the stimulation was applied for 12 weeks representing a longer and more intensive period of training. It is well known that changes in myosin isoforms from fast to slow in response to electrical stimulation take place at a later stage than changes in the various other proteins associated with speed of contraction, for example, the Ca ++ pumping ATPase system of the sarcoplasmic reticulum.2 S The stimulus regimes used in the present study may have elicited changes in the latter syste � , while being of insufficient duration to affect the � yosm isoform transitions which would be reflected m the myofibrillar ATPase activity, demons . trable hist ? chem ically. The slowing of the rate of tetamc contractIOn and relaxation measured in the previous paperl may have been explained by a change in the properties of the sarcoplasmic reticulum, which in the rabbit have been observed to occur in parallel with changes in contrac tion time and precede a change in the fibre type. 29 Improved resistance to fatigue is associated with increased oxidative capacity of the muscle and an increase in capillary supply. The level of SDH activity correlates with fatigue resistance. 30 In the present study a significant increase in the activity of SDH occurred in the stimulated muscles of all subjects, although the extent of SDH increase did not always correlate with the degree of increase in fatigue resistance. Subject 4 demonstrated the largest increase in SDH, which, however, was accompanied by a decrease in fatigue resistance, which may be explained by marked muscle damage.
An increase in capillary density, associated with increased oxidative metabolism, often precedes an increase in SDH activityY With the exception of subject 4 in the present study, there was no clear evidence for greater capillary density or capillary/fibre ratio following the period of electrical stimulation. An improvement in capillary supply has been observed in human subjects following endurance training32 and electrical stimulation.33 However, in these situations stimulation resulted in an increase above the normal level of muscle activity. In contrast, stimulation in the present study for 5% of daily time probably represents only the normal amount of activity for th � . tibialis anterior muscle and may not have been suffIcIent to stimulate an increase in capillary supply within a period of 4 weeks.
Delitto and Snyder-Mackler34 have suggested that stimulation of muscle with surface electrodes, select ively recruits and trains type 2 fibres, as a result of an inverted recruitment order. However, the increase of SDH activity in the present study occurred in all fibre types, suggesting a sample of all muscle fibres was recruited.
The subsarcolemmal vacuolation seen in five of the seven biopsies in the stimulated limbs was an unex pected finding. Such vac ':l 0lation is not . common . in muscle histopathology, bemg largely confmed to clm ical conditions of glycogen storage, inflammatory myo pathy or intoxication with substances such as chloro quine. The significance of the finding in the ' pr � sent study is unclear, but initial fears that it might mdlcate severe damage to the muscle fibre membrane were not substantiated, since serum creatine kinase (CK) levels were not raised in the subjects, where this was measured (subjects 6 and 7), despite the presence of vacuolation. Creatine kinase has been effectively used to assess muscle damage following stepping exercise in human subjects. 35 However, it would appear that CK estimation may not be sufficiently sensitive to moni tor muscle damage related to a regime of electrical stimulation.
Conclusion
In this and the preceding paperl marked changes of the contractile properties in the tibialis anterior muscle have been observed in subjects following complete thoracic spinal cord transection. Despite prolonged disuse, it is encouraging that resistance to fatigue and speed of contraction, together with oxidative capacity, rapidly revert towards normal values in response to daily treatments with electrical . stimul � tion at o � ly twice motor threshold. The penod of time followmg spinal injury does not appear � o influence . adve � sely the retraining of muscle properties by electncal stImu lation. In subjects with other central nervous or orthopaedic pathological conditions eg partial spinal transection, hemiplegia, head injury, cerebral palsy, orthopaedic trauma, the method is al � o likel � to ,?e of value in preventing the changes aSSOCiated WIth dIsuse or in retraining contractile properties. In fact, electrical stimulation up to twice motor threshold for a daily period comparable to that used in the training of the paraplegic subjects was found to be tolerable by one of the authors, whose somatic sensation was intact. The effects of training on force and fibre type profile in paraplegic subjects, however, remain o p en and req � ire further study. It is likely that the penod of electncal stimulation needs to be longer than 4 weeks and that the muscle stimulated should contract under load, if these parameters are to be significantly altered.
